INTRODUCTION {#sec0005}
============

For more than one century, the neural foundations sustaining cognitive functions was conceived in a localizationist and rigid framework, in which the brain was thought to be organized in highly specialized critical zones (e.g., Broca's and Wernicke's areas \[[@ref001]\]) for which any injury induces severe and permanent functional deficit, and in "non-eloquent" regions -- i.e. areas not generating persistent neurological worsening after injury. This principle of a fixed functional organization of the central nervous system led to dogmatically impose simplistic and static models of cognitive neurosciences. In this historical context, the subcortical connectivity has received little consideration, especially in humans. Indeed, in spite of regular reports on the structural anatomy of white matter tracts in monkeys, made possible owing to the use of anterograde and retrograde tracers \[[@ref003]\], very few studies of anatomic dissection on cadavers have been performed in humans \[[@ref004]\].

In the new era of connectomics (i.e. the map of neural connections), an alternative hodotopical account was proposed, in which brain functions are underpinned by the dynamic interactions of large-scale delocalized and parallel (while partially overlapped) sub-networks \[[@ref007]\]. Recent advances diffusion tensor imaging (DTI), enabling a non-invasive tractography of white matter tracts *in vivo*, brought new insights into the subcortical pathways \[[@ref010]\]. Nonetheless, DTI has many methodological limitations, should still benefit from a rigorous anatomical validation, and is not able to provide functional data: this is only an indirect reflect of the structural connectivity \[[@ref011]\]. As a consequence, Klingler's method has received renewed interest since DTI reconstruction can be correlated to actual anatomic evidence provided by such postmortem dissection of white matter bundles \[[@ref015]\]. It is nonetheless worth noting that the traditional fiber dissection technique consists of extensive resection of surrounding cerebral tissue and hampers analysis of cortical terminations. Recently, an improvement of Klinger's method was proposed, in which removal of cerebral tissue was kept to a minimum with the goal to preserve the cortex and relationships within the brain until the end of the dissection \[[@ref017]\]. Using this cortex-sparing fiber dissection, the trajectory and the orientation of white matter fibers, as well as their cortical terminations, can now be identified reliably and reproducibly, including in humans \[[@ref016]\].

In addition to structural considerations, the functional role of subcortical myelinated tracts can be investigated by means of intraoperative electrical mapping performed in awake patients undergoing surgery for brain tumor or epilepsy. Indeed, direct electrical stimulation (DES) of the brain offers a unique opportunity to study functional anatomy, in particular functional connectivity. In practice, it has become common clinical routine to awaken patients in order to assess the functional role of restricted cortical and subcortical regions, and to avoid neurological worsening. The surgeon can optimize the extent of resection, and thereby improve the oncological or epileptological outcomes, without causing permanent neurological deficits, owing to an individual mapping and preservation of critical structures. This means that the resection is achieved according to functional boundaries of each patient \[[@ref020]\]. Patients perform several sensori-motor, visuospatial, language, cognitive or emotional tasks while the surgeon temporarily disrupts discrete cerebral structures using DES \[[@ref021]\]. Thus, this biphasic electrical current (60 Hz, 1 msec, 1 to 4 mA) is mimicking a genuine "virtual transient lesion", not only at the level of cortex, but also at the axonal level when the electrode is applied directly in contact with the white matter fascicles. If the patients stops moving, speaking or produces wrong response, the surgeon avoid removing the stimulated site \[[@ref022]\].

The principle of DES is to interact locally with a small cortical or axonal site, but also non-locally, as the focal perturbation disrupts the whole (sub)network sustaining a given function. However, it has been shown that as long as the repetitive stimulation is \<200 Hz, *γ*-aminobutyric acid-related inhibition prevents the stimulus from propagating beyond the first synapse \[[@ref023]\]. Thus, conversely to functional neuroimaging, *DES is able to identify the cortico-subcortical structures essential for brain functions* by inhibiting a part of a sub-circuit during a few seconds -- with the possibility to check whether the same functional disorders are reproduced when repeated stimulations are applied over the same area \[[@ref024]\]. Interestingly, by gathering all cortical and axonal sites where the same type of errors were observed when stimulated, one can build up the sub-network of the disrupted sub-function. DES identifies with a great accuracy (about 5 mm) and reproducibility, *in vivo* in humans, the structures -- not only cortex but also white matter tracts - that are crucial for cognitive functions \[[@ref025]\]. Thus, this is currently the only way to investigate directly the functional role of the subcortical fascicles \[[@ref026]\]. Indeed, combination of neurological disturbances elicited by intrasurgical DES with the anatomical data provided by post-operative MRI has enabled to perform reliable anatomo-functional correlations, at the level of both gray and white matters. Such correlations have allowed analysis of the anatomical location of the critical areas detected by DES, i.e. in essence, at the periphery of the cavity, where the resection was stopped according to functional limits -- a methodology that has been extensively used and validated \[[@ref027]\]. In other words, for the first time in the history of cognitive neurosciences, DES mapping of the neural pathways offers the unique opportunity to investigate the function of the connectomal anatomy, supporting a network organization of the brain, and resulting in the reappraisal of cognitive models\[[@ref033]\].

In this article, the aim is to review original data issued from DES of myelinated tracts in adults, with regard to the functional connectivity mediating the sensorimotor, visuo-spatial, language, cognitive and emotional functions, as well as the interactions between these different sub-networks, leading ultimately to explore consciousness. Furthermore, the limiting role of axonal fibers in subcortical interindividual variability and neuroplasticity is discussed.

METHODOLOGY OF DIRECT BRAIN ELECTROSTIMULATION {#sec0010}
==============================================

Principles of stimulation {#sec0015}
-------------------------

The membrane potential (MP) of the neuron at rest varies between --60 and --100 mV, because of an asymmetrical distribution of charges, which is maintained by active mechanisms and ion diffusion through lipid layers: negative charges predominate at the inner side of the membrane and positive charges at the outer side. The principle of electrical stimulations is to increase membrane excitability, via an initial phase of passive modification of the local MP in front of the cathode (the negative stimulating electrode), making the inner side of the membrane progressively less negative than the outer side, that is membrane depolarization. Conversely, the membrane becomes hyperpolarized in front of the anode. The intensity of this phenomenon depends both on stimulation parameters and membrane characteristics \[[@ref034]\]. Indeed, membrane excitability if higher at the initial segment of the axon, and for larger and myelinated fibers \[[@ref035]\]. As soon as the MP reaches the liminar depolarization threshold, a second phase starts with the opening of voltage-dependent ionic canals, which allow entry of Na+ ions and inverts the MP between +20 and +30 mV. A secondary output of K+ ions, associated with an inhibition of the flux of entering Na+ions, brings the MP back to its resting state. This corresponds to the "action potential", which corresponds to an all-or-nothing phenomenon, that is, once generated, it has always the same characteristics, irrespective of the stimulation parameters.

Stimulation parameters: theoretical approach and the effect of myelination of fibers {#sec0020}
------------------------------------------------------------------------------------

An electrical stimulation is defined by its intensity (mA) and its impulse duration (ms). The product of both parameters gives the charge -- represented in coulombs (C), or in C/phase in case of a biphasic current with alternating polarity. Charge density (or charge per unit of stimulated surface area) is expressed in C/cm2/phase. The product \[intensity×resistance (or impedance, expressed in ohms)\] gives the voltage (V). The product (charge×voltage) gives the energy, expressed in Joules (J)/phase. First and above all, these stimulations must be entirely safe for the cerebral parenchyma. Indeed, these stimulations could induce a lesion by accumulation of negative charge at the level of the cathode or through production of metal ions at the level of the anode \[[@ref036]\]. This risk has been cancelled thanks to the use of biphasic impulses, since the second stimulus phase inverses the effects of the first. Tissue damage can also be caused, on the one hand, by excessive heat, which is produced specifically by hydrolysis that could cause vacuolization and chromatolysis; and on the other hand, by "leaking" of the intracellular current, which goes from the anode to the cathode through the cytoplasm, with a risk of lesion to the mitochondria and endoplasmic reticulum or even by alteration in homeostasis, when the neurons are activated in a manner that is too repetitive and synchronous \[[@ref037]\]. These risks are directly linked to charge density, and studies based on animal experimentation allowed an upper safety limit to be set at 55 microcoulombs/cm2/phase \[[@ref038]\]. Stimulations may also generate seizures. To prevent this complication, it is recommended to avoid the use of intensity above 4 mA, at least for myelinated fibers in adults \[[@ref039]\]. However, the nonmyelination of fibers in young children may sometimes necessitate to increase the intensity of stimulation beyond this threshold, in order to induce functional response \[[@ref040]\].

The second requirement for these stimulations is that they set off a reproducible response when they are applied to neural structures. The relationship between stimulation parameters and tissue response characteristics can be summed up by the intensity/duration curve, in which the current intensity is recorded as a function of impulse duration \[[@ref040]\]. The rheobasis is thus defined as the minimal intensity that is required to generate an action potential for high impulse durations. The chronaxis is the impulse duration that is required to induce a response when the stimulus intensity is double the rheobasis. The chronaxis corresponds to the point on the intensity/duration curve where an action potential can be obtained with minimal energy: this is the optimal stimulation point (best benefit: risk ratio). The chronaxis depends on the characteristics of the tissue being stimulated,particularly its impedance. The infrequent studies that were made in this area \[[@ref041]\] produced resistance values of 250 *Ω* for gray matter, 500 *Ω* for white matter and 65 *Ω* for cerebrospinal fluid. Moreover, chronaxis is significantly modified by the degree of cerebral maturation, notably by myelination: chronaxis is considerably longer (0.4--3.5 ms) for nonmyelined nerve fibers than myelined axons (0.05--0.4 ms) \[[@ref040]\]. Fiber diameter seems also to be a factor, as axons of greater diameter are more easily excitable \[[@ref035]\]. Finally, any pathological process, whether lesional (tumor) or nonlesional (epilepsy, postictal status), can interfere directly with tissue's excitability \[[@ref034]\]. Of note, based upon these electrophysiological properties, a safe and effective paradigm to functionally map the cortex using electrical stimulation has been specifically elaborated in childhood, because of nonmyelination of fibers \[[@ref040]\].

As regards the frequency of electrical impulses, myelinated axons produce a single response for each stimulus delivered between 50 and 100 Hz \[[@ref034]\]. Thus, in clinical practice, DES usually deliver a 60 Hz current to achieve both cortex and white matter tracts \[[@ref042]\]. Actually, the absolute refractory period of the neuronal membrane covers a period of 0.6 to 2 ms, following the action potential. It is followed by a second phase of transient hyperexcitability, where the tissue can be stimulated by less intense currents than for the preceding stimulus, which implies a greater risk of seizure. Moreover, when neural structures are kept in a state of subthreshold depolarization, there is an increase of the MP threshold that must be reached in order to set off the impulse: this phenomenon is known as "accommodation". Accommodation occurs only if the MP changes very progressively for example with sinusoïdal impulses. This is the reason why rectangular impulses are recommendedfor stimulation.

Although two electrodes are always required to produce a current, the stimulations are considered to be "monopolar" if only one of the electrodes (in general, the cathode) is "active", that is, localized close to the target tissue, whereas the reference electrode (in general, the anode) is located at some distance. Even if the current density is distributed in a relatively uniform manner around the electrode, each tissue located in the current's pathway can nevertheless be stimulated, most specifically if its depolarization threshold is lower than that of the target. In order to reduce this risk of a false positive, it is preferable to use a bipolar stimulation. In this case, both the cathode and the anode are "active", that is, they are located close to the target tissue \[[@ref043]\]. In this way, only these structures that are located between both electrodes are stimulated, with a lesser risk of current diffusion and therefore, a greater precision, as was demonstrated using the optical imaging method \[[@ref044]\]. Therefore, when stimulating white matter tracts, bipolar probe is very accurate for detecting a specific sub-pathway involved in a given sub-function \[[@ref026]\].

DES and cognitive neurosciences: an input gate into the eloquent neural networks {#sec0025}
--------------------------------------------------------------------------------

One of the major advantages of DES for brain mapping in adult patients is that they intrinsically do not cause any false negatives - if nevertheless the methodology is rigorously applied. Indeed, each eloquent structure, whatever its actual role in brain function, will be in essence electrically disturbed by DES, which necessarily will induce a functional consequence. This optimal sensitivity explains why DES is currently considered the gold standard in brain mapping. Indeed, this is the most important point for neurosurgeons, since intraoperative DES enables them to tailor the resection according to functional boundaries - thus minimizing the risk of permanent deficit \[[@ref046]\] while optimizing the extent of resection. Moreover, this advantage also explains why DES is used to validate the non-invasive method of neurofunctional imaging (fMRI, transcranial magnetic stimulation and magnetoencephalography) \[[@ref047]\] as well as DTI \[[@ref051]\].

In addition, when stimulating the neuron (whatever the stimulated part), the action potential propragates by physiological conduction along the axon, and consequently, neurons at the end of the axons can be stimulated by these presynaptic currents. Similarly, when stimulating axonally, the action potential propagates both forward (in a physiological way) and backward (in a non-physiological way). So, in essence, DESs are highly non-local: they enter the whole network that sustains a function. The stimulated point (axonal or cortical) is only an input gate into this whole network. In other words, one should forget about localizationist models as well as a connectionist approach and shift toward a nonlocal theory when analyzing how DES works. It is worth noting that the perturbation induced by DES in a functional network is small enough that it propagates only in a "sub-circuit," thus inhibiting solely a specific component of the tested function. This is why for cortical mapping of language function, depending on which "sub-circuit" is disturbed, one may observe phonological errors, speech apraxia, semantic paraphasias, anomia or syntactic mistakes. Of course, when increasing the stimulation intensity, one ultimately generates a speech arrest \[[@ref024]\]. Similarly, when stimulating axonally, one generates a dysfunction of a specific network. While in a connectionist point of view this dysfunction is mediated by a mere transient disconnection between two still effective areas (i.e., only the link is disturbed, corresponding to a connectionist point of view), the non-local theory assumes that one or both of the areas linked by the stimulated pathway will be disturbed. Anyway, the resulting effect mimics disconnection syndrome, as observed in lesions of white matter\[[@ref026]\].

In summary, since DES allows the performance of on-line anatomofunctional correlations at both the cortical and axonal levels, and since each eloquent discrete site identified is only an input gate to a wider functional network, DES is consequently a perfect tool for the study of spatio-temporal brain connectivity, *in vivo* in humans.

Limitations of DES {#sec0030}
------------------

Although DES opens up an array of opportunities, it also has some intrinsic limitations.

First, that the patients under investigation do not have an intact brain and, in the case of low-grade glioma, could exhibit reorganization of function before surgery. However, because subcortical plasticity is low \[[@ref103]\], DES still has considerable value for investigating brain processing, especially in white matter tracts, even in patients with cerebral lesions. Indeed, if plasticity enabled compensation for all areas involved by the tumor, it would not be possible to identify crucial neural structures in a probabilistic map based on patients with glioma, as has been accomplished by Sarubbo et al. \[[@ref105]\]. The ability to detect critical cortical as well as axonal structures with a high rate of probability by inducing a reproducible deficit during intraoperative DES - such as anarthria during stimulation of the SLF III \[[@ref031]\], or semantic disturbances during stimulation of the IFOF \[[@ref098]\] - despite cerebral reshaping, has considerable implications for understanding the normal functional anatomy of the brain. The connectivity of the brain is particularly amenable to this approach, owing to its low potential for reshaping \[[@ref102]\].

Second, DES is only able to identify the cortico-subcortical structures essential for brain functions. Therefore, if DES does not provoke any transient deficit, this does not mean that the tested structure is not involved in the function, but this means that this structure can be compensated if removed. This has been supported by a recent prospective cohort with 374 patients who underwent awake surgery with resection of a brain tumor according to functional boundaries provided by intraoperative DES: three months after surgery, no patients had severe or disabling permanent worsening \[[@ref039]\].

Finally, the limited time available during surgery does not permit the range of assessments and stimuli that are possible in standard neuropsychological evaluations. However, as mentioned above, the excellent functional outcomes following surgery plead in favor of a high reliability of the tests used intraoperatively, because they are adapted to the quality of life of the patient - depending not only on the location of the tumor, but also on the job and hobbies of the patient \[[@ref088]\].

DES MAPPING OF THE PROJECTION FIBERS {#sec0035}
====================================

Connectivity underlying sensorimotor function {#sec0040}
---------------------------------------------

Recent anatomo-functional DES studies have changed our view of movement, that is, motor execution and control, away from a hierarchical organization and toward parallel and interconnected circuits. First, DES have confirmed that the corticospinal tracts come from the primary motor cortex, run with a somatotopical organization within the corona radiata (with, from lateral to medial, the pyramidal tracts of the face, upper limb, and lower limb) and then within the posterior limb of the internal capsule (with, from anterior to posterior, the pyramidal tracts of the face, upper limb, and lower limb) before reaching the brainstem and the spinal cord \[[@ref053]\]. Furthermore, the existence of an additional "modulatory motor network" was recently evidenced, eliciting movement arrest or acceleration when stimulated in awake patients, with no loss of consciousness \[[@ref030]\]. The subcortical stimulation sites were distributed veil-like, anterior to the primary motor fibers, suggesting descending pathways originating from premotor areas known for negative motor response characteristics, and running to the head of the caudate nucleus: it seems that this motor control circuit is mediated by the fronto-striatal tract \[[@ref031]\]. Furthermore, these white matter bundles underpinning movement control were somatotopically distributed. Indeed, stimulation of the fibers from mesial to lateral directions and from posterior to anterior directions evoked arrest of movement of the lower limb (mesially and posteriorly), upper limb(s), and face/speech (laterally and anteriorly) \[[@ref055]\]. Further stimulation sites in the anterior arm of the internal capsule indicated a large-scale motor control circuit \[[@ref030]\]. More recently, the first evidence of bilateral negative motor responses elicited by unilateral subcortical DES has been reported. Such findings support the existence of a bilateral cortico-subcortical network connecting the premotor cortices, basal ganglia, and spinal cord, involved in the control of bimanual coordination \[[@ref056]\].

Posterior thalamo-cortical somatosensory pathways and their somatotopy have also been investigated by DES, which generate dysesthesias or tingling in awake patients \[[@ref053]\]. Interestingly, axonal stimulation of the white matter under the retrocentral gyrus may also induce disturbances in movement control \[[@ref058]\], possibly due to transient inhibition of U fibers within the rolandic region \[[@ref059]\]. Moreover, in patients who experienced interference with movement during subcortical DES, fibers that induced inhibition or acceleration were located immediately posterior to thalamo-cortical somatosensory pathways. Therefore, a thalamo-parietal connection distinct from somatosensory pathways is likely \[[@ref030]\]. On the basis of these original DES findings, the existence of a wide fronto-thalamo-parietal sensory-motor network has been suggested \[[@ref030]\].

Visual tract {#sec0045}
------------

The optic radiations arise from the lateral geniculate body in three bundles. The anterior bundle curves anterolaterally above the temporal horn (Meyer's loop) usually reaching beyond the anterior limit of the temporal horn and then loops backward along the inferolateral wall of the atrium. The middle bundle courses laterally around and turns posteriorly along the lateral wall of the atrium and the occipital horn. The posterior bundle courses directly backward, also along the lateral wall of the atrium and occipital horn. Recently, visual pathways have also been mapped in awake patients. A protocol was recently proposed in which two images, located in opposite quadrants on the same computer screen, are shown to the patient. It is thus possible to generate a transient visual field deficit subjectively described by the patient, which is confirmed objectively with this test (only one of the two objects can be seen and, therefore, described) during axonal DES of the optic radiations \[[@ref060]\].

Interestingly, DES can generate either "negative effect" such as blurred vision or impression of shadow, or "positive effect" such as phosphenes in the contralateral visual field. In addition, complex responses such as visual hallucinations (e.g., zoopsia or distortion of pictures as metamorphopsia) have been described by patients during stimulation \[[@ref061]\]. These findings might be explained by the fact that DES of bundles joining the calcarine fissure evokes visual suppression (homonymous hemianopia), whereas DES of fibres joining the association visual cortex for higher-order visual processing (outside the primary visual system) evokes visual illusion.

DES MAPPING OF THE ASSOCIATION FASCICLES {#sec0050}
========================================

Tracts mediating language ([Fig. 1A](#bpl-2-bpl160027-g001){ref-type="fig"}) {#sec0055}
----------------------------------------------------------------------------

On the basis of DES findings, a dual model for visual language processing has recently been proposed, with a ventral stream involved in mapping visual information to meaning (the "what" pathway) and a dorsal stream dedicated to mapping visual information to articulation through visuo--phonological conversion \[[@ref027]\]. These findings complete the seminal model by Hickok and Poeppel \[[@ref062]\], that is, a pure cognitive model that did not take into account anatomical constraints, especially with regard to the white matter tracts.

### Functional anatomy of the dorsal Superior longitudinal Fascicle (SLF)/Arcuate Fascicle (AF) complex {#sec0060}

Fiber dissection in cadavers and DTI tractography studies in humans have investigated the structural anatomy of the SLF/AF complex \[[@ref010]\]. The different components of the perisylvian SLF were isolated and the tracts were followed until their cortical terminations. Three segments of the perisylvian SLF were detected: (i) anterior segment of the lateral SLF, that connects the supramarginal gyrus and superior temporal gyrus (in the region just posterior to the Heschl's gyrus) with the ventral portion of the precentral gyrus (ventral premotor cortex), (ii) posterior segment of the lateral SLF, that connects the posterior portion of the middle temporal gyrus with the angular gyrus, and (iii) long segment of the AF, deeply located, stemming from the caudal part of the temporal lobe, mainly the inferior and middle temporal gyri, that arches around the insula and advances forward to end within the frontal lobe, essentially within the precentral gyrus and posterior portion of the inferior and middle frontal gyri. Based on these original data challenging the traditional view, it was suggested that the fibers from the posterior part of the superior temporal gyrus are part of the anterior portion of the perisylvian SLF and not of the AF\[[@ref019]\].

In awake patients performing a picture-naming task, cortically, phonemic paraphasia have been generated by DES of the inferior parietal lobule and inferior frontal gyrus in the dominant hemisphere \[[@ref063]\]. Axonally speaking, these phonemic paraphasias were evoked when stimulating the AF \[[@ref019]\], possibly associated with repetition disorders \[[@ref065]\]. This is in agreement with the theory by Geschwind \[[@ref066]\], who postulated that damages of this bundle would produce conduction aphasia, including phonemic paraphasia and repetition disturbances, and this supports the role of the sub-part of the dorsal stream mediated by the AF in phonological processing. Interestingly, the posterior cortical origin of the AF within the posterior part of the inferior temporal gyrus corresponds to the visual object form area \[[@ref019]\]. Indeed, this region represents a functional hub, involved both in semantic and phonological processing dedicated to visual material \[[@ref067]\]. Therefore, phonological processing sustained by the AF is performed in parallel to the semantic processes implemented by the ventral route (see below). In addition to this direct dorsal route, the indirect dorsal stream composed of the lateral SLF is involved in articulation and phonological working memory, as demonstrated by DES. Cortical areas eliciting articulatory disorders are located in the ventral premotor cortex, supramarginal gyrus and posterior part of the superior temporal gyrus \[[@ref069]\]. Axonally, stimulation of the white matter under the fronto-parietal operculum and supramarginal gyrus, laterally and ventrally to the AF, elicited anarthria as well \[[@ref031]\]. This bundle corresponds to the part III of the SLF according to Makris et al. \[[@ref070]\]. Indeed, this lateral operculo-opercular component of the SLF constitutes the articulatory loop, by connecting the supramarginal gyrus/posterior portion of the superior temporal gyrus (which receives feedback information from somatosensory and auditory areas) with the frontal operculum (which receives afferences bringing the phonological/phonetic information to be translated into articulatory motor programs and efferences toward the primary motor area)\[[@ref031]\].

Using the same paradigm, DES also supported that syntactic processing was mediated by delocalized cortical regions (left inferior frontal gyrus and posterior middle temporal gyrus) connected by a sub-part of the left SLF. Interestingly, this sub-circuit is interacting but independent of the sub-network involved in naming, as demonstrated by a double dissociation between syntactic (especially grammatical gender) and naming processing during DES. These findings support a parallel rather than serial theory, calling into question the principle of "lemma" \[[@ref071]\].

### Functional anatomy of the ventral route {#sec0065}

The ventral stream connects the occipital and posterior temporal areas with the frontal lobe. This ventral route is referred by some authors as "extreme capsule fiber system" with reference to connectivity studies in the primate \[[@ref072]\]. It seems nonetheless more adapted to speak about fascicles rather than "extreme capsule", because the latter only considers a discrete anatomical structure while the former considers actual neural pathways with their cortical termination, in a connectomal view of brain processing. Indeed, if one takes account of the sole subcortical region without any considerations regarding the cortical epicenters connected by these white matter fibers, this does not allow the understanding of the whole eloquent network.

Regarding structural anatomy, the ventral route is composed of direct and indirect pathways. The direct pathway is represented by the inferior fronto-occipital fascicle (IFOF), that has never been described in animals, explaining the controversy about its role \[[@ref074]\]. In humans, the IFOF is a ventral long-distance association bundle that connects the occipital lobe, parietal lobe and the postero-temporal cortex with the frontal lobe. Recent anatomic dissections \[[@ref018]\] combined with DTI have investigated the main course of the IFOF \[[@ref016]\]. From the posterior cortex, it runs within the sagittal stratum in the superior and lateral part of the atrium; it reaches the roof of the sphenoidal horn in the temporal lobe; it joins the ventral part of the external/extreme capsule and it runs under the insula at the posterior two-thirds of the temporal stem; then it joins the frontal lobe \[[@ref018]\]. Two layers of the IFOF have been described \[[@ref016]\]. The superficial and dorsal layer connects the posterior portion of the superior and middle occipital gyri, the superior parietal lobule and the posterior part of the superior temporal gyrus to the inferior frontal gyrus (pars triangularis and opercularis). The deep and ventral subcomponent connects the posterior portion of the inferior occipital gyrus, the posterior temporal-basal area including the Fusa (fusiform area at the occipito-temporal junction) and the posterior part of the middle temporal gyrus to the frontal lobe - orbito-frontal cortex, middle frontal gyrus and dorsolateral prefrontal cortex.

In parallel, the ventral stream is underpinned by an indirect pathway, constituted by the anterior part of the inferior longitudinal fascicle (ILF) (running below the IFOF), that links the posterior occipitotemporal region (Fusa) and the temporal pole (TP), then relayed by the uncinate fasciculus (UF), that connects the TP to the basifrontal areas by running within the anterior third of the temporal stem (in front of the IFOF) \[[@ref075]\]. Of note, the posterior part of the ILF links the occipital lobe to the posterior occipitotemporal junction (visual object form area) \[[@ref076]\]. This means that this indirect route connects the occipital/Fusa to the orbito-frontal cortex - thus partially overlapped with the IFOF. Finally, while previously described in monkey, another pathway has recently been observed in humans: the middle longitudinal fascicle (MdLF) \[[@ref077]\]. It connects the angular gyrus with the superior temporal gyrus up to the TP and courses under the superior temporal sulcus, lateral and superior to the IFOF \[[@ref078]\].

In the awake patient, during picture naming, DES of the IFOF, at least in the dominant hemisphere, elicited semantic paraphasias either associative (e.g. /key/ for /padlock/) or coordinate (e.g. /tiger/ for /lion/) in more than 85% of cases. It did not matter what portion of the IFOF was stimulated (parieto-occipital junction, temporal, subinsular or frontal part) \[[@ref027]\]. These language disorders were mainly induced by stimulating the superficial layer of the IFOF. Interestingly, semantic paraphasias were never observed during stimulation of the dorsal route (SLF) \[[@ref063]\]. In addition, IFOF stimulation may also generate verbal perseveration \[[@ref080]\].

The functional role of the indirect ventral pathway is still debated. On one hand, this indirect route connects areas involved in verbal semantic processing such as Fusa and lateral frontal cortex \[[@ref067]\]. Moreover, the major cortical relay between the ILF and UF is the TP, which is a "hub", i.e. a functional epicenter allowing a plurimodal integration of the multiple data coming from the unimodal systems (subserved by ILF, UF and MdLF) -- explaining its role in semantics and its implication in semantic dementia when bilaterally damaged \[[@ref081]\]. On the other hand, except for the posterior part of the ILF for which injury generates alexia \[[@ref068]\], the indirect pathway can be functionally compensated when unilaterally damaged \[[@ref075]\]. This was also confirmed by language recovery following anterior temporal lobectomy in tumor and in epilepsy surgery \[[@ref084]\]. Even if very mild and selective deficit may persist, as concerning proper name retrieval after resection of the UF, this is a good illustration of the concept of "subcortical plasticity", in which a sub-network (IFOF, direct pathway) is able to bypass another sub-network (indirect pathway) and to functionally compensate it \[[@ref083]\]. Similarly, DES of MdLF and resection of its anterior part failed to induce any functional disorders \[[@ref087]\], demonstrating that this fascicle converging to the TP can also be compensated.

In summary, DES has enabled a re--examination of the classical Broca--Wernicke localizationist model of language. The new findings from axonal stimulation provide a distributed framework for future studies of language networks and for management of patients with aphasia. This new model is based on multiple direct and indirect corticosubcortical interacting subnetworks involved in syntactic, semantic, phonological and articulatory processes. It offers several advantages in comparison with previous models, especially by explaining double dissociations during damage of the ventral versus dorsal stream (semantic and phonemic disorders, respectively). Also, it takes into account the cortical and subcortical anatomical constraints.

Fibers sustaining visuospatial and vestibular processing {#sec0070}
--------------------------------------------------------

In awake patients, axonal DES of the ILF has generated contralateral visual hemiagnosia, supporting the existence of an occipito--temporal pathway connecting occipital visual input to higher--level processing in temporal lobe structures, in particular the fusiform gyrus \[[@ref088]\]. These stimulation findings support a crucial role for the ILF in visual recognition, with specialization of this bundle for visuospatial processing in the right hemisphere and language processing in the left hemisphere.

Stimulation of a specific part of the SLF (called the SLF II) in the right hemisphere can produce spatial cognition problems. Indeed, DES of this structure elicited rightward deviation in a line bisection test \[[@ref028]\]. These data suggest that parietal--frontal communication is necessary for symmetrical processing of the visual scene. In other words, spatial awareness depends not only on the cortical areas of the temporal--parietal junction, but also on a larger parietal--frontal network communicating via the right SLF.

Finally, stimulation of another subcircuit in the right SLF can cause a central vestibular syndrome with vertigo, by disrupting the vestibular inputs assembled in the temporoparietal areas and the prefrontal cortex \[[@ref089]\]. This finding demonstrates the role of the SLF in the network coordinating body posture and spatially oriented

Fibers subserving mentalizing {#sec0075}
-----------------------------

Regarding the network sustaining mentalizing, namely, the theory of mind, crucial for emotion and social cognition, intraoperative DES combined with pre- and post-operative behavioral examinations showed that this function is made possible by parallel functioning of two subsystems. The first, low-level, of mentalizing accuracy of identification (mirror system, i.e. the ability to appreciate other people's emotions) is subserved by the AF/SLF complex; the second, high-level of inferential mentalizing, corresponding to the attribution of mental states is mediated by the cingulum \[[@ref090]\].

These findings, which constitute the first experimental data on the structural connectivity of the mentalizing network, suggest the existence of a dual-stream connectomal model, and could lead to a better understanding of disorders that affect social cognition, as autism \[[@ref092]\].

Fibers underlying cognitive functions {#sec0080}
-------------------------------------

DES also evidenced the existence of an executive system (including prefrontal cortex, anterior cingulate and caudate nucleus) involved in the cognitive control of more dedicated subcircuit, as for example the subnetwork involved in language switching - itself constituted by a wide cortico-subcortical network comprising postero-temporal areas, supramarginal and angular gyri, inferior frontal gyrus and a sub-part of the SLF \[[@ref093]\]. Moreover, the frontal aslant tract, that connects the pre-supplementary motor area and anterior cingulate with the inferior frontal gyrus \[[@ref059]\] might play a role in language control, especially with regard to planning of speech articulation \[[@ref032]\]. Therefore, DES of this tract may evoke stuttering \[[@ref095]\]. In the same vein, a cortico-subcortical loop involving the deep grey nuclei, especially the caudate nucleus was also demonstrated as participating in the control of language (selection/inhibition), since DES of the head of the caudate nucleus in the left hemisphere generated perseverations with a high level of reliability \[[@ref097]\]. Anatomically, this cortico-striatal loop seem to be supported by the fronto-striatal tract \[[@ref032]\].

DES of the IFOF also induced non-verbal comprehension disturbances in more than 90% of cases during non-verbal semantic association test - e.g. Pyramid and Palm Trees Test. The patients were not able anymore to make a semantic choice during DES, with some of them still able to join a short verbal description of their feelings, like "I don't know at all", "what do I have to do?", "I don't understand anything" \[[@ref098]\]. These comprehension disorders were mainly generated by stimulating the deep layer of the IFOF, and elicited a double dissociation: semantic paraphasia with normal non-verbal semantic choice during DES of superficial IFOF and *vice versa* during DES of deep IFOF. Thus, it was suggested that the existence of a superficial component involved in verbal semantics (see above) and a deep component involved in amodal semantic processing.

These data are in agreement with the cortical terminations of the IFOF (prefrontal, temporal-basal and parietal areas), that correspond with the cortical network involved in semantic control \[[@ref099]\]. Consequently, from the new insights gained from axonal DES, an original anatomo-functional model of semantic processing has recently been proposed, in which the crucial pathway is represented by the IFOF. In this model, visual information is processed at the level of the occipital and temporal-basal associative cortices, and auditory information is processed at the level of the temporal and parietal associative cortices. They are transmitted directly on an amodal shape to the prefrontal areas, which exert a top down control over this amodal information in order to achieve a successful semantic processing in a given context. DES of this fascicle generates a disruption of these rapid direct connections. The transient semantic disorganization observed when stimulating the IFOF would therefore be caused by a dis-synchronization within this large-scale network, interrupting simultaneously the bottom up transmission and the top down control mechanisms \[[@ref098]\]. Thus, IFOF might play a crucial role not only in verbal and non-verbal semantic processing, but also in the awareness of amodal semantic knowledge, namely noetic consciousness. From a phylogenic perspective, because recent studies in the primate failed to identify this tract, one could suggest that the IFOF is the proper human fascicle. This multi-function fascicle allows human to produce and understand language, to manipulate concepts, to apprehend and understand the world (i.e. metalinguistics, conceptualization and awareness of knowledge) and it contributes to make the human what he is, with his infinite wealth of mind.

In the same spirit, axonal DES has shown that disruption of the subcortical connectivity of the left posterior cingulate cortex reliably induced a breakdown in conscious experience \[[@ref100]\]. This acute phenomenon was mainly characterized by a transient behavioral unresponsiveness with loss of external connectedness (the patient described himself as in a dream, outside the operating room). This finding suggests that functional integrity of posterior cingulate connectivity is necessary to maintain consciousness of the external environment. In other words, axonal DES can open the door to the investigation of the connectomal anatomy underlying distinct levels of awareness, including the pathways involved in monitoring of the human level of consciousness related to semantic memory (noetic consciousness), as well as the pathways that sustain consciousness of the external world. Axonal DES can also be used to explore the dynamic interactions between these subcircuits, and possible functional regulation of the intrinsic activity of these subcircuits by other subnetworks, such as the cingulothalamic system \[[@ref101]\].

To sum up, these original insights provided by DES strongly support the fact that cerebral functions are underpinned by extensive circuits comprising both the cortical epicenters (topos, i.e. sites) and connections between these "hubs", created by associating bundles of white matter (hodos, i.e. pathways) \[[@ref008]\]. In this hodopical model challenging the traditional localizationist view, neurological function comes from the synchronization between different epicenters, working in phase during a given task, and explaining why the same hub may take part in several functions depending on the other cortical areas with which it is temporarily connected at any one time. One step forward, it is crucial to consider that complex brain processes are possible only because of dynamic interactions exist between these parallel delocalized sub-networks, with different levels of sub-circuits recruitment according to the task required. Therefore, brain processing should not be conceived as the sum of several subfunctions. Rather, cerebral function results from the integration and potentiation of parallel (while partially overlapped) subnetworks.

The limiting role of MYELINATED TRACTS in NEUROplasticity {#sec0085}
=========================================================

Although a huge plastic potential has been demonstrated in humans at the cortical level, subcortical plasticity is low, implying that axonal connectivity should be preserved to allow post-lesional compensation \[[@ref009]\]. Indeed, lessons from stoke studies have taught us that a damage of the white matter pathways generates a more severe neurological outcome than lesions of the cortex. Recently, we proposed the elaboration of a probabilistic postsurgical residue atlas computed on a series of patients who underwent incomplete resection for a glioma on the basis of intraoperative DES \[[@ref102]\]. We gathered 231 postoperative MRI of patients operated on for a WHO grade II glioma under direct electrical cortico-subcortical stimulation, that is, with a tumor resection performed according to functional boundaries. Postoperative images were registered on the MNI template to construct an atlas of functional resectability for which each voxel represents the probability to observe residual nonresectable glioma, that is, non-compensable area \[[@ref102]\]. The anatomo-functional correlations obtained by combining the intrasurgical functional data with postoperative anatomical MRI findings provided new insights into the potentials and limitations of cerebral plasticity. This probabilistic atlas of functional plastic potential highlighted the crucial role of the axonal pathways in the reorganization of the brain after a lesion. It provided a general framework to establish anatomo-functional correlations by computing for each brain voxel its probability to be left -- due to its functional role -- on the postoperative MRI. Its overlap with the cortical MNI template and a DTI atlas offered a unique tool to analyze the potentialities and the limitations of inter-individual variability and plasticity, both for cortical areas and axonal pathways. We observed low probability of residual tumors on the cortical surface, whereas most of the regions with high probability of residual tumor were located in the deep white matter tracts. Thus, projection and association axonal pathways seem to play a critical role in the proper functioning of the brain. In other words, the functions sub-served by long-range axonal pathways seem to be less subject to inter-individual variability and reorganization than cortical sites \[[@ref083]\]. The reproducibility of these results may lead to suggest the existence of a "minimal common brain", necessary for the basic cognitive functions - even if likely not sufficient for more complex functions such as multi-processing.

Of note, from a clinical point of view, in addition to surgical planning, this atlas may be a unique tool for predicting the likelihood of functional recovery in various neurological diseases. Moreover, this atlas may be critical for identifying patients who require functional rehabilitation following a cerebral damage. In other words, objective neuropsychological assessments after brain damage can be helpful for the elaboration of individualized programs of neurological, cognitive and behavioral rehabilitation, adapted to an improved knowledge of the connectome.

CONCLUSION {#sec0090}
==========

For the first time in the history of cognitive neurosciences, DES mapping of the white matter tracts offers a unique opportunity to investigate the function of the connectomal anatomy in humans. This original methodology, in which real-time anatomo-functional correlations are performed in awake patients, has provided new insights into the functional connectivity underlying the sensorimotor, visuospatial language and sociocognitive systems. On the basis of these unique results in the literature, the first functional atlas of human white matter has recently been built \[[@ref105]\]. In addition, interactions between these neural networks and multimodal systems, such as working memory, attention, executive functions and even consciousness, can be investigated by axonal stimulation. In this networking model, cerebral function results from the integration and potentiation of parallel, but partially overlapping, subnetworks. In addition, this hodotopical account, supported by axonal DES, offers the possibility to better understand the mechanisms and limits of neuroplasticity within and between delocalized and dynamic large-scale subcircuits, both during development and in adults. Overall, these findings allow a reappraisal of the classic neuropsychological models of conation and cognition, which should integrate the anatomic constraint represented by the subcortical pathways. Therefore, it is time for neuroscientists to improve their knowledge of white matter circuitry underpinning the human brain connectome.
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![A. Preoperative axial FLAIR-weighted MRI, coronal T2-weighted MRI and sagittal enhanced T1-weighted MRI, in a 42 year-old right-handed male who presented with partial seizures and language disorders on presurgical cognitive examination, showing a voluminous glioma involving the left temporal lobe. B: Intraoperative view before resection. The anterior part of the left hemisphere is on the right and its posterior part is on the left. Letter tags correspond to the projection on the cortical surface of the tumor limits identified using ultrasonography. Number tags show zones of positive DES mapping as follows, 1, 2 and 3: ventral premotor cortex (generating anarthria during DES); 4 (mid-part of the superior temporal gyrus): areas involved in lexical access (eliciting anomia during DES); 5 (posterior part of the superior temporal gyrus): areas involved in semantic processing (inducing semantic paraphasia during DES). C: Intraoperative view after resection, achieved up to eloquent structures, both at cortical and subcortical levels. Indeed, DES of white matter tracts allowed the detection of the ventral stream underpinned by the IFOF (eliciting semantic paraphasias when stimulated, tag 46); the detection of the inferior longitudinal fascicle (anterior part of the posterior segment, generating reading disturbances during DES, tag 47); the optic radiations more deeply located (inducing transient visual disturbances when stimulated, tag 50); as well as the detection of the temporal part of the SLF subserving the dorsal stream (eliciting phonological disorders when stimulated, tag 49). D: Immediate axial FLAIR-weighted MRI, coronal T2-weighted MRI and sagittal enhanced T1-weighted MRI, showing a complete tumor removal. The patient benefited from a cognitive rehabilitation within the weeks following resection, and improved in comparison with the presurgical status, on the postsurgical language assessment achieved 3 months later. The diagnosis of low-grade glioma was confirmed, and no adjuvant oncological treatment was administrated. The patient resumed a normal familial, social and professional life within 3 months following surgery, with no functional deficits (no neurological and no cognitive disorders, no seizures) thanks to the preservation of the subcortical connectivity - despite an extensive resection of the temporal lobe in the left hemisphere.](bpl-2-bpl160027-g001){#bpl-2-bpl160027-g001}
